Abstract The potential of tree arrangement in optimizing radiation and soil water distribution and crop yield of hedgerow intercropping systems was investigated using a Jatropha curcas-Pennisetum clandestinum (kikuyu) system (Ukulinga, South Africa). Treatments (1110 t ha -1 ) of Jatropha-only (JO), single-row Jatropha and kikuyu (SR), and double-row Jatropha and kikuyu (DR) were used. Treatments had asymmetrical radiation distribution across tree-crop (T-C) interfaces and different radiation interception by trees (JO: 27 %, SR: 11 %, DR: 8 %). Soil water varied among treatments and was asymmetrically distributed showing no consistent trend towards trees. Evapotranspiration was higher (p \ 0.05) in SR than DR (13-65 %) and JO (16-37 %) for most part of the season. Estimated fine tree roots distribution was symmetrical in DR but not JO and SR. Total roots in SR were concentrated in the top 0.2 m (91 %) and beneath tree row (30 %), and varied inconsistently with distance from trees. Grass yields increased farther from tree rows and were higher in SR (8.7 t ha . Radiation use efficiency of kikuyu (0.14-0.44 g MJ -1 ) also increased with distance from trees but irradiance correlated with grass yields poorly (R 2 \ 0.32) despite high rainfall and no nutrient limitation. Considering total productivity and evapotranspiration, DR was better tree arrangement than SR. Water availability dictated T-C interactions and intercrop yield more than radiation. It was possible to optimize radiation and water distribution and intercrop growth by manipulating tree arrangement without changing density.
is characterized by severely degraded natural resources due to continuous burning to enhance fresh growth and selective overgrazing, poor water supply, frequent droughts and only 33 % arable land. Vegetation in the area is wooded grasslands, woodlands and bushed grasslands dominated by secondary Acacia species and Aristida junciformis grass, which is an inedible by livestock (Everson et al. 2012) . The potential exists for agroforestry to be implemented a resource-efficient production system to rehabilitate the land, produce fodder to reduce pressure on the natural grasslands, and generate additional income by employing species that are tolerant to poor soils and not excessive water users.
To ascertain sustainability of agroforestry systems, understanding factors and interactions involved is essential (Berlyn and Cho 2000; Ong et al. 2000) . Tree-crop (T-C) interfaces can be regulated effectively (Huxley 1999) , and interspecies competition can be minimized by employing efficient design (Garrett and McGraw 2000) and selecting compatible species (Ong et al. 2002 (Ong et al. , 2014 Bayala and Wallace 2015; Black et al. 2015; Ong and Kho 2015) . Due to the importance of understanding system functioning and implementing and managing efficiently designed systems, our objectives were to understand the extent of T-C interactions in hedgerow intercropping systems (HI) by examining distribution of solar radiation, soil water and root, intercrop growth, and possibility of manipulating distribution of radiation and water and intercrop growth by optimizing tree arrangement without changing tree density. Three hypotheses were formulated namely: pasture production can be linearly related to radiation if other resources are non-limiting; in a well-fertilized and rain-fed HI in semi-arid areas, water availability is more critical than radiation, and distribution of radiation and soil water and intercrop growth can be optimized by manipulating tree arrangement without changing density.
Materials and methods

Site description
The current study was conducted in a rain-fed silvopastoral system at the Ukulinga Research Farm, Pietermaritzburg South Africa (30°24 0 S, 29°24 0 E). Ukulinga has an altitude of 781 m a.s.l., mean rainfall of 680 mm year -1 , and warm to hot summers and mild winters. The site was flat land with a 0.6 m deep profile underlain by bedrock, and loam to clay loam soil with generally increasing clay content with depth.
Treatments were arranged in a randomized block design with three replicates, and included Jatropha (Jatropha curcas L.) with no intercrops (JO: 3 m 9 3 m), single Jatropha hedgerow with intercropped kikuyu (Pennisetum clandestinum) (SR: 5 m 9 2 m) and double Jatropha hedgerows (2.5 m apart and 2 m intra-row spacing) with 6 m-wide kikuyu intercropping (DR). Figure 1 shows layout of the treatments. Plots were 50 m by 25 m with a tree density of 1100 ha -1 and a row orientation of N17°W to S17°E. The motivation for the Jatropha-Kikuyu system was its potential to improve livelihood of small-scale farmers as a source of pasture and income (through the sale of Jatropha nuts). Kikuyu has a high capacity as a grazing pasture even under dryland conditions, and Jatropha was selected due to its biodiesel rich nuts, tolerance to drought and low soil fertility and inedibility by the animal components of silvopastoral systems.
Data collection and analyses
An automatic weather station was used to monitor weather variables including incident solar radiation (using LI 2009 pyranometer) and rainfall (with Rimco R/TBR tipping bucket). CR 109 data logger (Campbell Scientific Inc.) was used to monitor and record the measurements. Calibrated Delta-T tube solarimeters (Delta-T Devices Ltd, Cambridge, England) were used to measure hourly radiation distribution across tree hedgerows extending between halfway of adjacent intercrop zones in JO, SR and DR. The solarimeters were placed at the soil surface in JO and below tree crowns and above the grass in SR and DR on the southwestern (SW) and north-eastern (NE) sides at distances of 0 m (below tree row), 0.75 and 1.5 m in JO, 0, 0.83, 1.63 and 2.5 m in SR, and 0 m (between tree rows), 1 m (below tree rows), 2, 3 and 4 m in DR. Radiation intercepted by trees of a treatment was calculated as the difference of incident radiation measured at the weather station and area-averaged irradiance based on measurements at the selected positions of the treatment.
To monitor soil water dynamics, three-rod CS605 time domain reflectometry (TDR) probes (Campbell Scientific Inc.) were installed at 0.05, 0.15, 0.25, 0.40 and 0.60 m depths and using the same orientations as the radiation study. Prior to the installation, waveforms of the TDR probes were tested using PCTDR software (TDR Graphing PC Software, Version 2.07; Copyright Ó 1997 and the probes were calibrated by gravimetric method using a composite soil sample from the site. Backfilling of the trenches dug for TDR installation was done in 0.1 m-thick layers followed by manual ramming, and the profile was topped-up with kikuyu transplant with its undisturbed soil from the study site. Soil water deficit (SWD) was calculated as field capacity minus actual water content where field capacity was determined in the laboratory using core samples collected from the abovementioned depths. Runoff was assumed to occur when profile water content exceeded field capacity, and calculated as the difference of the two water contents. Assuming drainage to be negligible due to underlying bed-rock, evapotranspiration (ET, mm) was determined the difference of rainfall (mm) and change in soil water content (mm).
Grass yield above a stubble height of 50 mm was monitored periodically using a 0.5 m 9 0.5 m quadrant on NE and SW at 0.83, 1.67 and 2.5 m from the tree hedgerow in SR and 2, 3 and 4 m positions in DR. ANOVA (SAS software, Version 9.01 of the SAS System for Windows; Copyright Ó 2002 by SAS Institute Inc.) was performed on the harvests to determine if positions with respect to tree rows affected kikuyu productivity. The following statistical model was applied:
where: l is the overall mean of the experiment, a i and b j denote random treatment and block effects respectively and e ij signifies random error. Radiation use efficiency (RUE) of the pasture was also determined as a ratio of yield to cumulative irradiance at the above-mentioned positions in SR and DR. RUE was quantified as an indicator of the quality of radiation, and in conjunction with soil water, to examine which of the resources was more limiting to pasture growth. For instance, high irradiance at a certain position where the pasture yield is low may indicate limited water availability.
Leaf area index (LAI) of the trees was monitored using LAI-2000 Plant Canopy Analyzer (Li-Cor Biosciences, Li-Cor, Inc.). Monthly relative growth rates (RGRs) of basal tree diameter in JO, SR and DR were determined for the period of November 2007 to July 2008 as: 
where D 1 and D 2 represent stem diameters at times t 1 and t 2 respectively. Correlations between tree RGR and SWD were used to infer fine tree root distribution and isolate the role of trees in T-C competition for water, an approach similar to that of Balandier and De Montard (2008) . Distribution of total (tree and grass) root was examined in SR by digging a trench across a tree hedgerow and collecting core samples from depth increments of 0-0.2, 0.2-0.4, and 0.4-0.6 m and 0, 1.25 and 2.5 m from the hedgerow on SW and NE. Due to woody roots in some samples, sample volumes were determined by displacement method, i.e., volume of a core sample was equal to the volume of water it displaced when immersed in the water. Roots were isolated from soil by dispersing samples in water and sieving the mixture using 0.5 mm wire mesh. Root biomass density (kg m -3 ) was then calculated as the ratio of oven-dried root biomass to volume of the sample. 
Results
During
Radiation distribution
In JO, cumulative irradiance on SW and NE was comparable, even at 0.75 m where diurnal irradiance differed between SW and NE (Fig. 2a, b) . Radiation transmissions increased with distance from trees ([95 % at 1.5 m, [82 % at 0.75 m, [50 % beneath tree row). The growing difference in cumulative irradiance between 0.75 and 1.5 m (Fig. 2c, d ) was associated with increasing tree LAI (Fig. 5) . In SR, irradiance was asymmetrically distributed across the hedgerow, mainly differing at 1.67 m (Fig. 3a, b) . Variations in transmitted radiation among distances were less steep in SR than JO due to higher LAI and bigger tree canopy in the latter. In DR, irradiance was less on NE than SW (Fig. 4a, c) and the highest beneath the tree rows (Fig. 4b) . Radiation partitioning differed among treatments. From November 1 to December 16, 2006 , tree in JO intercepted 223 MJ (27.1 % of irradiance) and 600 MJ of radiation was transmitted to the soil. In SR, trees intercepted 92 MJ (11.2 % of irradiance) and the amount of transmitted radiation was 731 MJ. Despite similar LAI to SR trees, DR trees intercepted only 8 % (66 MJ of irradiance) and transmitted radiation amount was 757 MJ (Fig. 5) .
Water balance and dynamics
Soil water generally increased with depth due to increasing clay content and reduced evaporation. In JO, there were differences in soil water at 0.05 m depth between corresponding positions of 0.75 and 1.5 m on NE and SW (Fig. 6 ) despite similar irradiance. Wet-period water content below trees (0 m) was the highest due to stem flow and reduced soil evaporation (shading). SW had lower soil water than NE and the difference increased with distance from the tree row. The highest drop in water content (159 mm) between wet and dry periods was at 1.5 m SW (other distances, 116-121 mm), which was also where irradiance was the highest (based on [2006] [2007] . ET was the lowest at 0.75 m SW for most part of the study period and the differences with other positions were higher during dry periods (October/November 2007 and after February 2008).
RGR-SWD correlation at profile level was high (R 2 = 0.91) and correlations were stronger closer to the tree rows. The weakest RGR-SWD correlation (R 2 = 0.47 at 1.5 m SW) occurred where soil water at 0.05 m depth was the lowest (Fig. 6 ) and the highest ET was maintained, indicating high evaporation and low transpiration proportions. The highest correlation (R 2 [ 0.96) at 0.75 m NE and corresponding low dryperiod water content indicated high fine tree root concentration. RGR-SWD correlation was the highest within 0.2-0.4 m of the soil depth (R 2 = 0.95) followed by 0.4-0.6 m depth (R 2 = 0.73). It can be inferred that fine root distribution of trees in JO was skewed towards NE and mainly concentrated within 0.2-0.6 m depth and closer to the trees.
In SR, wet-period soil water was generally higher on NE than SW and the lowest water content was beneath the trees. During dry periods, soil water generally decreased with distance from the hedgerow. The 0.83 SW and 1.67 m NE maintained high soil water, and irradiance at these positions was lower than other distances. The highest water content difference between wet and dry periods (175 mm) at 2.5 m NE (others 127-151 mm) coincided with high irradiance and the highest dry-period ET at the position. Profile RGR-SWD correlation was strong (R 2 = 0.78), and the 0.83 m positions on SW and NE had the highest RGR-SWD correlations ([0.9) and the lowest grass yield (Fig. 11) implying low evaporation and kikuyu water use at these position. The highest grass yield (7.03 t ha -1 ) and strong RGR-SWD correlation at 2.5 m NE suggested transpiration was the major component of the high ET and the highest water content difference between wet and dry periods (159.8 mm). The poorest RGR-SWD correlations at 1.67 m SW and 0 m (R 2 \ 0.57) corresponded to the lowest water content differences between wet and dry periods (124 mm) in the former, and coincided with low water content within 0.05 m depth in the latter (Fig. 7) where soil cover was absent. RGR-SWD correlation within 0-0.2 m of the soil was stronger in SR (R 2 = 0.58) than JO (R 2 = 0.28), which could be due to T-C competition in SR forcing tree roots to explore the layer to a greater extent. Neither distance nor depth affected strength of RGR-SWD correlations consistently. It can be inferred that fine trees roots were more concentrated within 0.2-0.6 depth and skewed towards NE. Distribution of total root in SR was asymmetrical (Fig. 8a-d) , with higher root density within 0-0.2 m of the soil on SW (Fig. 8a) , which had lower root density than NE within 0.2-0.6 m (Fig. 8b, c) . The highest root biomass (91.4 %) was within the 0-0.2 m depth and below the tree (Fig. 8d , e) where RGR-SWD correlations were the lowest (R 2 = 0.57). This was due to the high proportion of woody roots at this positions. Within 0.2-0.6 depth, root density was generally higher on NE, which was generally in agreement with our inferences based on RGR-SWD correlations.
Soil water in DR generally increased with depth ( Fig. 9) , and wet-period water contents varied on SW and NE inconsistently whereas dry-period water content was higher on SW. Water content beneath NE tree row was lower than the SW tree row during wet and dry periods, and ET was generally higher in NE during extended dry periods. All RGR-SWD correlations in DR were strong (R 2 [ 0.91), suggesting that distribution of fine tree roots in the soil profile was essentially symmetrical.
ET differences among treatments were significant (p \ 0.05) ( Fig. 10; Table 1 ). From August to November 2007, ET in SR was higher than in DR (2016) 
Intercrop productivity
There were contrasts in the significance of grass yield increases with distance on NE and SW of the treatments. Yields at the same distance on NE and SW were not significantly different (Fig. 11) . In SR, the highest grass yield and consistently high ET at 2.5 m NE implying grass water use was major ET component. At 0.83 m, yields on NE (2.61 t ha -1 ) and SW (3.03 t ha -1 ) were not significantly different despite irradiance differences at these positions. Despite higher irradiance at 1.6 and 2.5 m on SW, yield was the highest (7.03 t ha -1 ) at 2.5 m NE where water content difference between wet and dry periods was the highest (&170.mm), strong RGR-SWD correlation (R 2 = 0.87) occurred, soil water variations with depth were relatively small (Fig. 7) and ET was the highest. The strongest RGR-SWD correlations at 0.83 m on NE and SW were indicative of the intensive interspecies competition for water kikuyu experienced. In DR, during 2006-2007, SW had higher grass yield and cumulative irradiance than NE (Fig. 11b, d ). [2007] [2008] due to more extensively developed tree roots in DR, and stronger SWD-grass yield correlation in DR (R 2 = 0.61) than SR (R 2 = 0.16-0.38). Correlations between kikuyu yield and irradiance were poor (SR: R 2 = 0.32; DR: R 2 \ 0.1), and RUE of kikuyu in SR and DR increased with distance from tree hedgerows ( Table 2) .
Discussion
Weak correlations between grass biomass and irradiance in our study, which occurred despite no nutrient limitation and high rainfall during the particular study period, were in contrast to strong linear correlations (R 2 = 0.9) reported previously (Sibbald and Sinclair 1990; Knowles et al. 1999; González-Hernández and Rozados-Lorenzo 2008) . The decrease in RUE towards tree rows could be due to the increasing interspecific competition for water being more critical to grass yield than radiation. It could also be due to reduced photosynthetically active radiation reaching the grass resulting from preceding interactions between irradiance and tree canopy (Ong and Kho 2015) . Soil water was asymmetrically distributed, and varied with rainfall, depth and among treatments. Unlike in previous studies, which showed reduced soil water content close to trees (Malik and Sharma 1990; Onyewotu and Stigter 1995; Livesley et al. 2000; Odhiambo et al. 2001) , our treatments did not exhibit consistent soil water increase or decreases towards tree hedgerows. Due to the absence of interspecific competition, JO had the biggest trees (Ghezehei et al. 2015) and their roots did not have to explore the soil profile for water. SR and DR trees had comparable RGRs, yet DR had lower grass yield and its trees explored soil profile more comprehensively, which could suggest more intensive interspecific and intraspecific competition. Eastham and Rose (1990) found that at high tree density, tree-tree competition resulted in higher tree root production and more extensive exploration of the soil profile. This could be the case in DR where trees were more clustered than SR although plot-level tree density was the same for all treatments. Tree root distribution can be used as an indicator of competition potential of trees, and high fine root concentrations of trees within crop root zone has been observed in previous studies involving fast growing trees (Jonsson et al. 1988; Daniel et al. 1991; Van Noordwijk et al. 2015) . Previous studies have shown that the concentration of fine tree roots decreases with distance from trees (Eastham and Rose 1990; Van Noordwijk et al. 2015; Livesley et al. 2000) . Our inferences based on RGR-SWD correlations did not agree with these studies although total (woody and fine roots) root density in SR generally decreased with distance from the tree hedgerow. In our combination treatments, tree and grass roots overlapped greatly due to shallow tree roots and limited soil depth (0.6 m) resulting in severe competition for water. There was no clear relationship between grass and root distribution.
In the current study, tree arrangement without changing density had no consistent effects on tree growth and yield (Ghezehei et al. 2015) , and tree allometric relationships were not affected by interspecific competition or tree arrangements (Ghezehei et al. 2009 ). High grass growth coincided with high rainfall periods, and grass yield consistently increased with increasing distance from tree rows, which was in agreement with previous studies (González-Hernández and Rozados-Lorenzo 2008; Huth et al. 2010) . Jatropha and kikuyu are mostly dormant during extended dry periods and active during the rest of the year leaving no room for temporal complementarity between them. Ghezehei et al. (2015) reported significant stem growth (c) in the treatments of the current study, which was in agreement with a study by Huth et al. (2010) that tree roots can explore intercropping zone for water before and during growing seasons. Taking into consideration total productivity (trees and grass) and total ET (Table 1) , DR in our study was better tree arrangement than SR.
Conclusions
We examined distribution of radiation and soil water and growth of intercrops in a silvopastoral system with different tree arrangements but the same tree density in order to understand the extent of T-C interactions of HI. Our hypothesis about linear correlations between radiation and plant growth when other resources are not limited was rejected while the hypothesis that water availability is more critical to T-C interactions than radiation in semi-arid climate was accepted. Finally, the hypothesis that it is possible to manipulate tree arrangement without changing density in order to optimize radiation and water distribution and intercrop growth in HI was also accepted. Our findings add insight to resource use and T-C interactions in HI, and contribute to the implementation and management of efficiently designed HI, and more design options should be explored to ascertain the full potential of these findings.
